spatial awareness and independent mobility of blind people (for reviews, see Roentgen et al., 89 2008; 2009).
90
In this review, we summarize current knowledge regarding the acoustic cues used for 91 echolocation, work concerning the range of distances over which echolocation is effective 92 (referred to as the operable range), the types of features of objects that can be discriminated 93 using echolocation, and the underlying mechanisms. We describe research that has 94 investigated whether some acoustic cues are used more effectively by the blind than by the 
Early research investigating human echolocation abilities

101
The term echolocation was first used by Griffin (1944) to describe the outstanding 102 ability of bats flying in the dark to navigate and to locate prey using sound. Echolocation has 103 since been identified and extensively studied for other animals, including dolphins and 104 toothed whales (Jones, 2005) . In 1749, Diderot described a blind acquaintance who was able 105 to locate silent objects and estimate their distance (see Jourdain, 1916) , although at that time it 106 was not known that sound was involved. Diderot believed that the proximity of objects caused 107 pressure changes on the skin, and this led to the concept of 'facial vision'; the objects were 108 said to be felt on the face. Further cases were identified of blind individuals who had this 109 ability, and numerous theories were put forward about the mechanisms underlying the fourteen competing theories that attempted to explain facial vision in perceptual, sensory, or 113 occult terms.
114
Soon after, a series of pioneering studies carried out in the Cornell Psychological
115
Laboratory established that facial vision was actually an auditory ability (Supa et al., 1944; 116 Worchel and Dallenbach, 1947; Cotzin and Dallenbach, 1950) . In the first of these studies, 117 Supa et al. (1944) asked blind and sighted blindfolded participants to approach an obstacle, 118 report as soon as they were able to detect it, and stop as close as possible to the obstacle.
119
When the ears were occluded, the ability to detect the obstacle and to judge its distance 120 disappeared. Worchel and Dallenbach (1947) and Cotzin and Dallenbach (1950) further 121 demonstrated that acoustic stimulation was necessary to perceive the obstacle, and a later 122 study showed that anesthetizing the facial skin had no effect on the perception of obstacles 123 (Köhler, 1964) . Further studies confirmed that both blind and sighted participants were able to 
126
Sound echoes may provide the listener with substantial information regarding the 127 properties of distal objects, including the distance to the object, the shape, and the object's 128 size (Passini et al., 1986; Stoffregen and Pittenger, 1995) . This is discussed in more detail 129 later in this review. echolocation, see Rojas et al. (2009; . They suggested that short sounds generated at the 154 palate are the most effective for echolocation. However, this requires experimental testing.
155
Findings from other studies have suggested that longer duration sounds are most effective.
156
Rowan et al. (2013) found that the ability of normally sighted participants to identify the 157 lateral position of a board using echoes improved as duration increased from 10 to 400 ms for 158 an object distance of 0.9 m. Schenkman and Nilsson (2010) reported that echolocation 159 detection performance increased as signal duration increased from 5 to 500 ms for normally 160 sighted participants, and that blind participants could detect objects at farther distances than 161 sighted participants when using longer duration signals. 
Cues used for echolocation, and operable range.
165
In this section we describe the currently known acoustic cues used for echolocation.
166
Putative acoustic cues for echolocation as an active mode of perception include:
167
(1) Energy: the returning echo increases the overall energy at the listener's ears, if the sound 168 intensity is integrated over a few tens of ms. This cue is sometimes referred to in the literature 169 in terms of the subjective quality of loudness. The level of the echo relative to that of the 170 emission may also provide a cue.
171
(2) The time delay between the emitted sound and the echo. This may be perceived "as such"
172
if the delay is relatively long (a few tens of ms) or it may be perceived as a "time separation 173 pitch" or "repetition pitch" (Bilsen, 1966 ) when the delay is in the range 1 to 30 ms; the 174 perceived pitch is inversely related to the delay.
175
(3) Changes in spectrum of the sound resulting from the addition of the echo to the emission.
176
Constructive and destructive interference lead to a ripple in the spectrum, the spacing between 177 spectral peaks being inversely related to the time delay of the echo relative to the emission.
178
This cue may be heard as a change in timbre or pitch and it is the frequency-domain 179 equivalent of cue (2). In many cases it is not clear whether analysis in the temporal domain or 180 the spectral domain is critical.
181
(4) Differences in the sound reaching the two ears, especially at high frequencies. These can 182 provide information about the orientation of objects. For example, when a flat board faces the 183 listener, the signals are similar at the two ears, as illustrated in Figure 1 . If the board is at an 184 oblique angle relative to the listener, the sound differs at the two ears, particularly at high echolocation. Steel wires were used to suspend a carriage with a loudspeaker and microphone 217 that was moved toward an obstacle from various starting points using a soundproofed motor.
218
The speed of approach was controlled by the participant. The stimuli were thermal noise 219 (similar to white noise) or pure tones with frequencies ranging from 0.125 to 10 kHz. The 220 sounds were picked up by the microphone and delivered to the participant's ears using 221 headphones. The task was to stop the approach and report when the obstacle was first 222 perceived, and then to move the carriage as close as possible to the obstacle without collision.
223
All participants (sighted and blind) reported a rise in pitch of the thermal noise as the obstacle 224 was approached that enabled them to perform the task. Performance was poor for pure tones inches, and performance fell as the distance of the object was increased to 24 inches.
276
However, no effect of distance was observed for the second blind individual tested. Rice et al.
277
(1965) found that thresholds for detecting metal discs using echoes remained constant with Echolocation can also be used to judge the relative sizes of objects. Rice and Feinstein 313 (1965) found that blind participants were able to use echoes to discriminate object size, and 314 that their best-performing participants were able to discriminate objects with area ratios as 315 low as 1.07:1. Since large objects reflect more acoustic energy than small objects, two cues 316 that might be used for discrimination of size are overall sound level and sound level of the 317 echo relative to that of the emission. However, level differences between the echoes produced 318 by reflections from objects can occur not only as a result of differences in size, but also as a 319 result of differences in the material from which the object is composed, distance between the 320 echolocator and the object, and the shape of the facing surface (e.g. a flat vs. a concave 321 surface). Stoffregen and Pittenger (1995) suggested that size information may be obtained by 322 combining information about delay, spectrum and level. The delay between the emission and 323 echo can be used to determine the "expected" level difference between the emission and echo 324 due to distance. Differences in spectrum between the emission and echo are determined by the 325 type of material from which the object is composed (see below for details) and can be allowed 326 for if the type of material is fixed over trials or is known in advance. Given this information, 327 any remaining differences in level or spectrum between the emission and echo can be used to 328 estimate the size of the object.
329
Objects made of different materials can be identified and discriminated using echoic relatively less high-frequency energy than the emission, it can be inferred that the material is 338 soft, whereas if the spectra of the echo and emission are similar, it can be inferred that the 339 material is hard. Stoffregen and Pittenger (1995) proposed that object material may be 340 identified using the relative frequency spectra of the emission and the echo, and it has been 341 suggested that sound echoes contain sufficient acoustical cues in the frequency range below 342 3000 Hz to distinguish between several different wood surfaces (Rojas et al., 2012) . However,
343
it has not yet been demonstrated that these cues can be used.
344
While there is good evidence that echoes can be used to discriminate objects made of 2005) showed that blind participants were more accurate than sighted controls 391 in localizing an object using echoic information from sound generated by a loudspeaker, and 392 were more sensitive to task-irrelevant echoes from a nearby lateral wall when localizing 393 sounds in azimuth. Kolarik et al. (2013) reported that blind participants were better able than 394 sighted participants to perform a distance-discrimination task when only direct-to-reverberant 395 ratio cues were available. However, not all studies reveal superior abilities of blind listeners in 396 using non-self-generated sounds. Burton (2000) studied the use of cane tapping to determine 397 whether a gap in a walkway could be crossed with a normal step while walking. In a condition showed that blind participants were better able to localize sounds monaurally, presumably returning echoes were present (see Fig. 3 ). This activation was not observed for normally 497 sighted, non-echolocating controls, even though they had received training listening to these 498 sounds. No differences in activity in the auditory cortex were observed.
499
In a follow-up study, Arnott et al. (2013) investigated activation in the occipital cortex 500 in response to shape-specific echo processing. Echolocation audio was recorded in an 501 anechoic chamber or hallway using tongue-clicks in the presence of a concave or flat object 502 that was covered either in aluminum foil or a cotton towel. For an early blind participant with 503 extensive echolocation experience, blood oxygen-level dependent (BOLD) activity in 504 ventrolateral occipital areas and the bilateral occipital pole was greater when the participant 505 attended to shape than when they attended to the material or location of the object.
506
Furthermore, feature specific echo-derived object representations were organized 507 topographically in the calcarine cortex. A congenitally blind participant who began using 508 echolocation comparatively later in life and a late-onset blind participant did not show the same type of activation, suggesting that extensive echolocation training at an early or critical 510 age establishes echo-processing mechanisms in these brain areas. contained both self-generated mouth clicks and echoes of the clicks reflected from an object.
515
For the other class of 'source' sounds, the object emitted the sound and no echo was involved.
516
The object was positioned either to the left or right of the participant and was either moving The effects of age of onset of blindness on echolocation abilities have only recently begun to 547 be investigated in depth and the effects of hearing loss on echolocation have not been studied.
548
These areas are discussed in the following paragraphs.
549
The acoustic characteristics of the environment, particularly background noise and 550 reverberant energy present during sound emission, may affect echolocation performance.
551
Background noise may make it difficult to perceive an object based on echoic information and 552 to distinguish it from other objects, in a similar way that background noise can make it 553 difficult to separate sounds based on their location (Moore, 2012) . In reverberant rooms, room 554 reflections may interfere with reflections from the target object (Schörnich et al., 2012) .
555
Background reverberation distorts the monaural spectrum, as well as the interaural level There has been little investigation of the accuracy with which echolocation 580 information can be used to form internal representations for navigating safely through the 581 individual's surrounding environment. As described above, echoic information can allow 582 obstacles to be located at least crudely. However, precise motor responses must be made in 
